Bacterial identification relies primarily on culture-based methodologies requiring 24 h for isolation and an additional 24 to 48 h for species identification. Matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) is an emerging technology newly applied to the problem of bacterial species identification. We evaluated two MALDI-TOF MS systems with 720 consecutively isolated bacterial colonies under routine clinical laboratory conditions. Isolates were analyzed in parallel on both devices, using the manufacturers' default recommendations. We compared MS with conventional biochemical test system identifications. Discordant results were resolved with "gold standard" 16S rRNA gene sequencing. The first MS system (Bruker) gave high-confidence identifications for 680 isolates, of which 674 (99.1%) were correct; the second MS system (Shimadzu) gave high-confidence identifications for 639 isolates, of which 635 (99.4%) were correct. Had MS been used for initial testing and biochemical identification used only in the absence of high-confidence MS identifications, the laboratory would have saved approximately US$5 per isolate in marginal costs and reduced average turnaround time by more than an 8-h shift, with no loss in accuracy. Our data suggest that implementation of MS as a first test strategy for one-step species identification would improve timeliness and reduce isolate identification costs in clinical bacteriology laboratories now.
Pathogen identification is crucial to confirm bacterial infections and to guide antimicrobial therapy. Clinical laboratories develop ever more rapid, cost-effective, and reliable methods for bacterial identification. Identification to the species level typically requires numerous consecutive steps based on defined phenotypic assays. Definitive results require 24 to 36 h after isolation, using conventional approaches.
Rapid bacterial identification should benefit from molecular methods. The PCR is one of the most sensitive of such methods. Most PCR-based identifications in current clinical use rely on amplification of conserved genes, such as those encoding elongation factors (20) or RNA polymerase (rpoB) (6) , or ribosomal DNA genes (10, 26) , followed by detection of species-specific sequences in the product (12, 13) . In some cases, species-specific genes, such as those encoding cytotoxins (4), can be amplified at the outset. Enhanced strategies include the use of multiplexing (14, 26) or of highly parallel techniques, such as diagnostic DNA microarrays (5, 8) , to amplify and detect multiple sequences at once. Since each PCR primer can be considered a separate reagent, the quality control issues of such testing become more formidable with each additional gene target. Cost and workload requirements for microarray or multiplexing technology currently preclude their routine use on every isolate.
PCR-based identifications are further complicated by procedures needed to get the sample ready. PCR theoretically permits identification of slow-growing organisms and has been used even to establish pathogenesis by noncultivable organisms in clinical research (22) . Most PCR-based bacterial identifications performed in the routine clinical laboratory, however, still require nucleic acids obtained from isolated colonies. Direct PCR of clinical samples is usually restricted to detecting a small number of species and to a specific sample (typically a normally sterile body fluid, such as cerebrospinal fluid or plasma) (14, 26) , which must be extracted in such a way as to preserve nucleic acids while removing PCR inhibitors.
Matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) is another molecular analytic tool which may prove helpful diagnostically. MALDI-TOF MS has been used extensively as a research tool for protein analysis and was applied recently to clinical microbiology (15, 21) . Compared with conventional phenotype-or PCRbased identification, MALDI-TOF MS shows rapid turnaround time, low sample volume requirements, and modest reagent costs. Peptide or protein mass-to-charge (m/z) values form mass spectral peaks, indicating the molecular masses and charge densities of components present in a biological sample. These spectra can generate pathognomonic patterns that provide unbiased identifications of particular species and even genotypes within species. Due to short turnaround times and readily interpretable data, MALDI-TOF MS has long been popular for protein identification in mixtures of moderate complexity. MALDI-TOF MS has characterized the ribosomal proteins from Escherichia coli (1, 7) and distinguished mutations involved in antibiotic resistance (7). Pineda et al. (18) used MALDI-TOF MS for identification of intact microorganisms based on biomarker masses derived from ribosomal proteins. A recent article by Williams et al. (24) discusses the experimental factors that affect the quality and reproducibility of bacterial analysis by MALDI-TOF MS.
Previous studies of MALDI-TOF MS had limited reproducibility, increasing variability within and between laboratories. Substantial efforts have led to standardized sample preparation protocols (3), leading to improved reproducibility, databases, and analytical tools (16, 21) . It is these newer-generation methods that we compare with state-of-the art sequence-based and conventional biochemical identifications in the present study.
In order to prove the usefulness of MALDI-TOF MS for clinical testing, it is necessary to show the method to be applicable to a wide diversity of clinically relevant organisms and demonstrate that variations in growth conditions in the clinical laboratory have minimal impact. The goal of this study was to use standardized data collection to assess the performance of MALDI-TOF MS analysis under real routine laboratory conditions. The intent was to evaluate MALDI-TOF MS as a first-test strategy, that is, a single test capable of identifying most isolates accurately in a short time frame, with ambiguous results set up for secondary testing only if the MALDI-TOF MS failed.
A key requirement for successful application of MALDI-TOF MS and other proteomics strategies is the assembly of mass databases that allow experimental data to be characterized based on matching profiles. The MALDI-TOF MS instrument serves little diagnostic purpose on its own; rather, it must be combined with such a database in a MALDI-TOF MS system. This approach shows appreciable discrimination power and was successfully used for rapid identification of Burkholderia cepacia complex species recovered from cystic fibrosis patients (17) . The exquisite reproducibility of MS-based bacterial identification relies on measurement of several highly abundant proteins, including many ribosomal proteins. Because ribosomal proteins are part of the cellular translational machinery, they are present in all living cells. As a result, the MS protein fingerprints are not significantly influenced by variability in environmental or growth conditions (11) and encompass targets widely used for identification of bacteria to the species level (25) .
This study compares two commercially available MALDI-TOF MS devices, databases, and related analytical tools with common biochemical tests routinely used for bacterial species identification. We use PCR and sequence-based identification of 16S rRNA genes to resolve discrepancies. Outcome measures include the accuracy of speciation, turnaround time, cost, and ease of use of the different methods. Our major objective was to assess whether MS-based species identification, used immediately after isolation, could reduce laboratory turnaround time and cost without sacrificing accuracy.
MATERIALS AND METHODS
Setting. The Hospital of the University of Geneva is a 2,200-bed health care center providing primary and tertiary care for Geneva (Switzerland) and surrounding areas. The Bacteriology Laboratory of the hospital receives all clinical specimens sent for bacterial culture from the hospital and its outpatient clinics, as well as several outlying clinics. The laboratory also serves as a reference center, receiving isolates for identification from other clinical bacteriology laboratories in Switzerland and the rest of Europe. Every year the laboratory reports more than 150,000 analyses of clinical specimens.
Bacterial strains. In order to capture a broad diversity of clinical isolates encountered in a large clinical microbiology laboratory, all 720 clinical isolates identified by conventional methods during 21 consecutive days were included in this study.
Routine identification. Bacterial identification in our laboratory uses CLSI standard methods. In brief, isolates are first evaluated based on plate morphologies after overnight growth, typically 24 h after the specimen is received. Colonies consistent with E. coli on eosin methylene blue agar are confirmed with rapid indole testing only; colonies consistent with Staphylococcus aureus are confirmed with rapid catalase, the Pastorex Staph-Plus latex agglutination test (Bio-Rad, Marnes-la-Coquette, France), and coagulase testing. Isolates confirmed by rapid testing are reported within 4 h of isolation, while isolates which are not confirmed or for which rapid test confirmation is not available must be identified with more-extensive biochemical panels, principally the API and Vitek2 identification systems. Identifications using these supplementary methods in the clinical laboratory typically require an additional 24 h after isolation before species identification can be reported.
16S rRNA gene sequencing and sequence analysis. DNA was extracted with the MagNAPure LC DNA isolation kit II (Roche Molecular Biochemicals, Mannheim, Germany) according to the manufacturer's instructions. PCR amplification of the full 16S rRNA gene was performed as previously described (2, 4, 10) using the primers BAK11w and BAK2 (Eurogentec, Seraing, Belgium). Amplicons were purified and sequenced using the primer BAK11w. Fragments were analyzed using an automatic DNA sequencer (ABI Prism 3130 XL genetic analyzer; Applied Biosystems, Foster City, CA) and queried against both local and public databases.
Harvesting of bacteria for MALDI-TOF MS. All organisms were grown overnight on defined agar medium and simultaneously assessed during a single determination on both MALDI-TOF systems. For MS-based determination, colonies were picked from the nonselective sheep blood agar plate for aerobic bacteria, from the CDC anaerobic sheep blood agar for anaerobic bacteria, from chocolate agar for Haemophilus spp., and from Karmali medium for Campylobacter. Two laboratory technologists were in charge of performing the MS analyses by rotating on the two systems after a 1-week training period to avoid any learning bias.
Bruker MALDI-TOF MS system. MALDI target plates were inoculated by picking a freshly grown overnight colony with the tip of a sterile toothpick and smearing the specimen directly onto a ground steel MALDI target plate in a thin film. The microbial film was then overlaid with 1.5 l of a MALDI matrix (a saturated solution of ␣-cyano-4-hydroxy-cinnamic acid in 50% acetonitrile-2.5% trifluoroacetic acid) and allowed to dry at room temperature. Mass spectra were acquired using the MALDI-TOF spectrometer in a linear positive mode (Microflex; Bruker Daltonics). Measured mass spectra ranged from 2,000 to 20,000 Da. Figure 1 shows a typical spectrum, derived from E. coli (American Type Culture Collection 25922). We emphasize, however, that comparisons of spectra were entirely automated, and it was never necessary to print such a spectrum for identification purposes. Extraction of the peaks from the generated mass spectra and their matching against the reference spectra ("main spectra") of the integrated database provided by the manufacturer was performed with MALDI Biotyper software (Bruker Daltonics). The score value is defined by three components, the matches of the unknown spectrum against the main spectrum, the matches of the main spectrum peaks against the unknown spectrum, and the correlation of intensities of the matched peaks. This leads to a first score, from 0 (no match) to 1,000 (perfect identity), which is converted into a log score from 0 to 3. When the score was Ն1.7, the identification was considered high confidence based on communication from the manufacturer. When the score was Ͻ1.7, a second attempt was performed on another run, and the higher of the two scores was used for analysis. Final scores of Ͻ1.7 were considered ambiguous identifications.
Shimadzu MALDI-TOF MS system. The FlexiMass MALDI target plates were inoculated by picking a freshly grown overnight colony with the tip of a sterile toothpick and smearing the specimen directly onto the plate. Matrix solution (0.5 l of 20 mg 2,5-dihydroxy benzoic acid dissolved in a 1-ml waterethanol-acetonitrile [1:1:1] mix) was added to each sample and allowed to dry at room temperature. Mass spectra were generated with the Axima Assurance system (Shimadzu Corporation), using the Shimadzu Launchpad software program and the SARAMIS database application (AnagnosTec GmbH) for auto-matic measurement and identification. The score values are determined by comparison against the superspectra for confidence identification and allow the identification on the family, genus, and species levels. When the score was Ն70%, identification was considered high confidence. When the score was Ͻ70%, a second attempt was performed on another run, and the higher of the two scores was used for analysis. Final scores of Ͻ70% were considered ambiguous identifications based on information provided by the manufacturer.
Discordant results. Both MS system results were compared to phenotypic bacterial identifications routinely performed in our laboratory. When MS and phenotypic identifications agreed at the species level, we considered MS species identification correct and no further determination was performed. When the methods gave discordant results, we performed 16S rRNA gene sequencing as the "gold standard" identification method. MS results discordant with conventional phenotyping but concordant with 16S identification were considered correct, while MS results discordant with 16S identification were considered incorrect. No further characterization to improve strain identification (e.g., sodA-based sequencing for coagulase-negative staphylococci) (19) was attempted in this study, since our goal was to compare MS-based results against current routine practice. Similarly, we did not employ separate extraction procedures recommended by the manufacturers for individual species.
Timeliness estimates. We defined timeliness as the time between colony isolation and species identification, since the initial colony isolation was the same for all methods. For S. aureus and E. coli, we estimated the timeliness of conventional methods as 1 h for Gram stain and rapid species confirmation. For all other species, we estimated the timeliness of conventional methods as 24 h for completion of more-extensive phenotypic identification tests. For MS identifications, we estimated timeliness as 5 min. (In our experience, these figures tend to underestimate the time required for most conventional identifications and overestimate the time required for MS identifications). We estimated the time required for PCR followed by 16S sequence matching as one working shift, or approximately 8 h.
Cost estimates. All cost estimates are in U.S. dollars and reflect the actual costs to our laboratory rather than charges to the patient. The marginal cost of MS identifications was less than $0.25 per test; however, we used an estimate of $0.50 for MS identification in order to allow for performance of two independent tests. The average marginal cost of conventional identifications was approximately $1.50 per test for S. aureus and $0.20 per test for E. coli isolates and greater than $10.00 per test for other isolates.
Statistics. We calculated Mantel-Haenszel corrected chi-square and P values using EpiInfo, version 6 (Centers for Disease Control and Prevention, Atlanta, GA).
RESULTS
Samples originated with the following sources: urine (n ϭ 197), stools (n ϭ 12), respiratory tract (n ϭ 120), wound and skin swabs (n ϭ 166), gynecological swabs (n ϭ 8), blood cultures (n ϭ 120), and other swabs (n ϭ 97). Isolates included 33 genera, most of which are known to cause human infections. Figure 2 shows that high-confidence identifications by both FIG. 1. Illustration of mass spectrum results. Measured mass spectra ranged from 2,000 to 20,000 Da. Extraction of the peaks from the generated mass spectra and their matching against the reference spectra ("main spectra") of the integrated database was performed with the MALDI Biotyper software program (Bruker Daltonics). The score value is defined by three components, the matches of the unknown spectrum against the main spectrum, the matches of the main spectrum peaks against the unknown spectrum, and the correlation of intensities of the matched peaks. This leads to a first score from 0 (no match) to 1,000 (perfect identity), which is converted into a log score from 0 to 3. Table 1 shows that although high-confidence identifications from both the Bruker MS and the Shimadzu MS systems were Ͼ99% accurate compared with conventional and 16S identifications, both the diagnostic yield and the accuracy of MS identifications varied by taxonomy. In particular, the yield for streptococcal species and for Gram-negative anaerobes was less than 50%, and the accuracy of "high-confidence" species identification for streptococci was only 4 (57.1%) of 7 identifications for the Bruker and 5 (71.4%) for the Shimadzu MS system. On the other hand, only one of 496 aerobic Gramnegative organisms was identified incorrectly by either MS system (an isolate not identified by conventional methods, identified as Acinetobacter lwoffii by PCR, and identified as Acinetobacter species only by the Bruker MS system). Similarly, MS gave no inaccurate identifications of any enterococci and inaccurately identified only one Staphylococcus isolate (a Staphylococcus epidermidis isolate on conventional testing, identified only as Staphylococcus species by PCR and as Staphylococcus capitis by both MS systems). We also note that all of the high-confidence MS identifications were accurate at the genus level. Finally, the Bruker MS system correctly identified 9 (69%) and the Shimadzu MS system 5 (38%) of 13 isolates for which conventional phenotyping offered no identification.
DISCUSSION
A single test can now identify more than three-quarters of the isolates in a large clinical bacteriology laboratory to the species level in less than 5 min per sample, with less marginal cost than conventional methods and with equal or greater accuracy. Our data show that MALDI-TOF MS is that test. While previous studies hint at the promise of MALDI-TOF MS for future testing and its current usefulness for research, our data suggest that current MALDI-TOF MS technology would make vast improvements in the efficiency of the clinical laboratory today.
Cost restrictions, training and quality control requirements, and the need for rapid turnaround times make MS quite appealing compared to conventional identifications. While the MS instruments are expensive, the expense is comparable to that of other common bacteriology laboratory equipment, such as automated blood culture and 16S sequencing devices, and the marginal costs are substantially less than those of conventional identification strategies. (As with other capital equipment, we would budget maintenance costs as 10% of the price of the instrument each year. The labor costs of deploying the instrument are substantially less than those of the more laborintensive procedures of phenotype identification). Phenotypic identification using modern automated platforms costs at least approximately US$10 per isolate (list price for reagents, without labor costs), whereas reagents required for MS-based identification do not exceed $0.50. MS devices tested in this study are commercially available and are simple to use, requiring no elaborate processing steps. The MS protocols we follow, relying directly on whole-cell analysis from a fresh colony, are easier to learn and use than well-established culture-based platforms such as the Vitek2 or API system. The hands-on time required for loading an MS target is approximately equivalent to that needed for calibrating a bacterial suspension and loading a Gram-positive or Gram-negative identification card, but the prior Gram stain is unnecessary, and turnaround time strongly favors the MS system. The analysis of 10 isolates in parallel can be done in less than 15 min by MS, from picking the colonies to reviewing the results. This would typically require Ͼ360 min on an automated system and more hands-on time for each isolate. In the present study, we were processing all isolates with conventional methods in parallel, so each specimen served as its own control. The addition of known species controls to each day's runs, however, would involve a trivial investment of time and materials.
Because of the extreme speed and low marginal cost of MS, it can improve laboratory efficiency when used early in identification protocols as a first test for all isolates. Lengthier, more labor-intensive, and costlier techniques can be reserved for the small minority of isolates not identified with high confidence by the MS alone. Tables 2 and 3 illustrate the marginal cost and timeliness of such a strategy (Table 3) if we had used it on the 720 isolates in this study instead of our routine methods (Table  2 ). This strategy would cut postisolation marginal costs by more than three-quarters and turnaround time by more than 90% if deployed now. Further improvements are likely to offer even greater benefits from MS in the immediate future-that is, in the expected working lifetime of devices deployed this year.
Although our data show that MS correctly identifies the great majority of isolates processed routinely by our laboratory, MS cannot yet identify every such isolate. We note that most of the isolates not currently identified by MS are Grampositive organisms. We deliberately did not attempt to modify our extraction protocols for Gram-positive organisms in this study; however, optimized protocols do exist for such organisms (23) . The cost of reagents is so low that even doing such an extraction in duplicate (one Gram-negative and one Grampositive extraction protocol) on every sample would be cheaper than the current use of biochemical phenotyping as a first-test strategy.
As a molecular alternatives to MS, nucleic acid-based identification strategies currently suffer problematic limitations. Enzymatic amplifications used for nucleic acid detection are In identifying isolated colonies, nucleic acid-based methods, such as 16S rRNA gene sequencing, do offer a wider range of species identifications, but reagent and labor costs remain formidable, and turnaround time is much longer than that with MS. For these reasons, the use of nucleic acid-based methods for isolate identification, while useful, has largely been restricted to confirmatory testing or confirmation of isolates for which other methods have failed. We propose retention of 16S sequencing for this purpose, and in fact it is possible to foresee a clinical bacteriology laboratory in which MS is used as a first-line test, 16S sequencing is used to confirm the minority of isolates not identified by MS, and conventional phenotyping tests are used little if at all. MALDI-TOF MS, however, currently does not provide adequate data on antimicrobial susceptibility and requires an isolate for starting material. Hence, there will be a continuing requirement for bacterial culture. It is likely, however, that further database refinements of MS will allow rapid identification of antibiotic resistance characteristics dependent on the production of specific proteins or peptides. Database refinement and enrichment are essential elements of MALDI-TOF MS, which will allow the method to increase its power as it is used more frequently. While our study was set up to evaluate the efficacy of MALDI-TOF MS as a method and not specifically to explain the differences between MALDI-TOF platforms, we speculate that at least some of the observed difference between the Bruker and Shimadzu platforms may be due to differences in the proprietary databases provided by the manufacturers.
In summary, MALDI-TOF MS-based identification provides cheaper and faster bacterial species identification than conventional phenotypic identification methods, with equal or better accuracy. This is especially relevant for routine clinical microbiology, since most results can be reported 1 day earlier. Supplemental extraction strategies, as well as expanded databases including other bacterial groups of clinical importance, identifiers of resistance to antimicrobials, and genotype markers, will soon enhance the utility of MALDI-TOF MS. In the future, a polyphasic molecular approach beginning with MALDI-TOF MS and resolving ambiguities with 16S sequencing might become an attractive paradigm to reduce the time, labor, cost, and safety hazards posed by identification strategies which rely on the growth characteristics of secondary cultures.
